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Abstract The distribution of benthic invertebrates and
their subfossil remains was examined within the basin of
De Waay, a dimictic, eutrophic lake in the Netherlands. We
focused on Chironomidae, but also report the abundances
of 11 invertebrate groups that potentially produce chitinous
remains that are preserved in the fossil record, although
their remains could only be identified at a coarser taxo-
nomic resolution. Most living invertebrates sampled in
different seasons were constrained to the littoral zone, with
the exception of a few taxa (Ceratopogonidae, Chaoborus
flavicans, and Chironomus) that are adapted to low oxygen
conditions in the seasonally anoxic profundal zone. In
contrast, assemblages of invertebrate remains in lake sur-
face sediments were similar in the entire lake basin,
suggesting that considerable numbers of invertebrate
remains are transported and redeposited off-shore in Lake
De Waay, due to its steep bathymetry. These results indi-
cate that a single sediment sample obtained from the centre
of this lake contains subfossil invertebrate remains origi-
nating from the entire lake basin. In Lake De Waay, the
majority of taxa found in the living assemblages were
identified as remains in lake surface sediments, at least for
the Chironomidae that could be identified at a similar
taxonomic level in living and subfossil assemblages. Of the
total 44 chironomid taxa found in Lake De Waay, 35 taxa
occurred in the living assemblages and 34 taxa occurred in
the subfossil assemblages. Thirty chironomid taxa occurred
both as living and subfossil specimens, and on average
these 30 taxa represent 94% of the specimens encountered
in a sediment sample. Five rare chironomid taxa present as
living larvae were not detected in the subfossil assem-
blages. Conversely, eight rare and four common
chironomid taxa were found in subfossil remains, but not in
living assemblages. Our results indicate that subfossil
assemblages in surface sediment samples provide spatially
integrated and representative samples of the living assem-
blage. However, a combined approach examining both the
living benthic invertebrate fauna and invertebrate remains
in lake surface sediments will potentially give a more
complete and detailed overview of benthic invertebrates in
a lake ecosystem than an approach based exclusively on
one of these groups.
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Introduction
Invertebrates are ubiquitous in lakes and their remains are
preserved in lake sediments. Several groups of aquatic
invertebrates have been shown to be sensitive to changes in
their environment (Frey 1964; Smol et al. 2001) and are,
therefore, often used as indicators in biomonitoring studies
(Rosenberg and Resh 1993; Free et al. 2009). Not only is
the living community indicative of the present state of
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lakes, but fossil invertebrate assemblages can also provide
information about past changes in lake ecosystems (Frey
1964; Rumes et al. 2005). In addition, the analysis of
subfossil invertebrate assemblages in lake surface sedi-
ments has potential to be used in biomonitoring, either as a
quick screening tool to identify lakes with unusual inver-
tebrate assemblages or as a supplementary method to be
used together with sampling of living invertebrates. Lake
surface sediments provide spatially and temporally inte-
grated samples (Frey 1988) and, depending on the
sedimentation rate, the top cm of sediment may represent
several seasons to years of deposited material. Since
material is usually transported from shallower sections of
lakes towards the deepest parts, sediments obtained from
the lake centre will typically include invertebrate remains
originating from the entire lake basin, at least in small lakes
(Smol 2008).
Several aquatic invertebrate groups have been used in
palaeoenvironmental studies (Smol et al. 2001). Of these
groups, the chironomids are one of the most abundant
benthic macroinvertebrate groups in aquatic ecosystems
(Pinder 1995) and have increasingly attracted attention in
palaeolimnology over the past two decades. Their larval
head capsules often occur in high abundances in sediments
and have been used to reconstruct a range of environmental
variables such as temperature (Heiri et al. 2007; Ilyashuk
et al. 2009), lake trophic status (Lotter et al. 1998; Langdon
et al. 2006), water depth (Korhola et al. 2000; Kurek and
Cwynar 2009a), and oxygen availability (Quinlan and Smol
2001a; Heiri and Lotter 2003; Verbruggen et al. 2010).
In many palaeolimnological studies, one sediment core
is used to reconstruct past environmental changes for the
entire lake system. This approach involves a number of
assumptions about how well the subfossil assemblage
represents the living community. Good agreement between
living and subfossil assemblages have been observed for a
number of palaeoecological indicator groups, including,
e.g., Chaoborus (Quinlan and Smol 2010), Chironomidae
(Iovino 1975), and Cladocera (Kattel et al. 2007). Several
biotic and abiotic factors can influence the within-lake
distribution of subfossil assemblages. Temporal and spatial
variation in the living assemblages may result from specific
habitat preferences (Frey 1988; Hofmann 1988; Moog
2002). Later, diagenetic processes and transport may affect
certain taxa more strongly than others (Walker et al. 1984;
Frey 1988; Brodersen and Lindegaard 1999; Eggermont
et al. 2007). For chironomids, it has been shown that dif-
ferent subfossil assemblages can be found in different
locations within a lake basin (Schma¨h 1993; Heiri 2004;
Eggermont et al. 2007; Kurek and Cwynar 2009a, b).
In this study, we examined to what extent subfossil
remains of common invertebrate groups in a small, strati-
fied Dutch lake accurately represent living communities.
We focused on aquatic invertebrates with subfossil chi-
tinous remains that were retained in a 100 lm-mesh sieve.
These included several groups of Diptera (especially chir-
onomids), Bryozoa, Coleoptera, and Oribatida. Subfossil
assemblages in surface sediments were compared with
living specimens that were collected in the same lake.
Information on how well subfossil assemblages represent
the living community is vital to accurately interpret
downcore palaeolimnological records and to compare
assessments based on lake surface sediments with other
biomonitoring methods (Sayer et al. 2010).
Methods
Surface sediments and samples of living invertebrates were
obtained from Lake De Waay, a hypertrophic hardwater
lake in the Netherlands with a maximum water depth of
15 m and a surface area of 1.3 ha (see Fig. 1; Table 1 for
location and general characteristics). The lake is a scour
hole that was formed by a dike breach in 1496 AD
a bFig. 1 a Location of Lake De
Waay in the Netherlands, and
b bathymetry of the basin and
location of the sediment
samples along a transect (A–A0)
from the littoral to the
profundal. Grey circles indicate
sampling stations along the
transect and grey squares
indicate locations of additional
kick net samples
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(Kirilova et al. 2010) and is partly surrounded by dykes at
present. Agriculture, recreational activities, overwintering
waterfowl, and local water management in the catchment
heavily influence the lake, and sedimentation rates in the
central part of the lake basin are high, approximately
2.3 cm per year (Kirilova et al. 2010). De Waay is a
dimictic lake with a seasonally anoxic hypolimnion. The
lake is usually stratified from April to October with a
thermocline between 3 and 6 m water depth (Fig. 2,
Leentvaar 1958). It could, therefore, be expected that dis-
tinct changes in the invertebrate community occur with
water depth.
Samples of living invertebrates were collected in
2007–2009 once at the end of summer (13 September
2007), once at the beginning of spring (22 April 2008),
and once in winter (17 February 2009). These samples
were taken with a 15 9 15 9 15 cm Ekman grab at eight
stations along a depth transect and immediately sieved
with a 0.5 mm mesh-size net. A single grab of 3.5 L of
sediment per station was taken from the littoral and sub-
littoral zones (\4 m depth) and double grabs from the
profundal ([4 m depth) part of the basin. Additional kick
net samples were taken from the shoreline between
emerging macrophyte vegetation with a 0.5 mm net. All
invertebrate samples were sorted the day after fieldwork
in the laboratory, identified following Grontmij (2010)
and then preserved in alcohol. Samples taken at different
seasons were pooled at each station along the transect to
allow for numerical analysis and plotting, and to include
similar time intervals for living assemblages (representing
3 seasons in 1.5 years) and subfossil assemblages (repre-
senting ca. 1–2 years in the top 2 cm of sediment;
Kirilova et al. 2010).
Surface sediments for obtaining subfossil invertebrate
remains were sampled at the same eight stations along the
depth transect with a HTH sediment corer (Renberg and
Hansson 2008). Sediment cores were subsampled in the
field into 2 cm slices and only the top 2 cm slice was used,
except at 15 m water depth where the top 4 cm was used
because of low concentrations of subfossils. Sediments
were deflocculated for 2 h in 10% KOH at room temper-
ature and sieved over a 100 lm sieve. Subfossil remains
were picked out individually using a stereo microscope
(25–409 magnification) with fine forceps. Between 36 and
72 chironomid head capsules for each sample were iden-
tified using a light microscope at 60–6009 magnification.
Remains of chironomids were identified following
Wiederholm (1983), Rieradevall and Brooks (2001) and
Brooks et al. (2007). Other invertebrate remains were
identified at a coarser taxonomic resolution following Frey
(1964), Reusch and Oosterbroek (1997), Vanderkerkhove
et al. (2004), Wood and Okamura (2005), and Brooks et al.
(2007).
To make the data of living and subfossil assemblages
comparable, modern and subfossil taxonomy were har-
monized by pooling equivalent taxa in living and subfossil
assemblages following Tables 2 and 3. This resulted in a
harmonized taxonomy of 47 invertebrate taxa that could
be applied to both living and subfossil assemblages.
Furthermore, we transformed the data into percentages
(Clarke and Warwick 2001). Detrended correspondence
analysis (DCA) was performed using the program CA-
NOCO version 4.52 (ter Braak and Sˇmilauer 2003) to
explore patterns in the distribution of invertebrate taxa.
DCA was run on the harmonized taxonomy that included
47 invertebrate taxa, with detrending by segments, square-
root-transformation of species abundances and down-
weighting of rare taxa.
Table 1 Physical characteristics and water chemistry of Lake De
Waay
Location 515505500 N/5 805900 E
Area (ha) 1.3
Maximum depth (m) 15
Secchi Depth (m) 1.20–2.15 (1.43)
pH 7.5–8.6 (7.9)
Conductivity (lS cm-1 at 25C) 441–544 (474)
Total P (lg L-1) 105–119 (112)
Total N (mg L-1) 1.17–2.08 (1.82)
Dissolved organic carbon (lmol L-1) 468–553 (493)
The range of measured values (n = 3) is indicated and average values
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Fig. 2 Oxygen and temperature profiles of Lake De Waay after
stratification took place (22 April 2008)
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Table 2 Comparison of
chironomid taxa identified in
living and subfossil




Taxa found in living
assemblages are aligned with
their equivalent subfossil taxa.
Taxa that only occur in either
living or subfossil assemblages
are printed in bold
Living assemblages Subfossil assemblages Reference subfossil ID




Chironomus anthracinus-type Brooks et al. (2007)
Chironomus muratensis
Chironomus plumosus agg.
Chironomus plumosus-type Brooks et al. (2007)
Cladopelma lateralis-type Brooks et al. (2007)
Cladotanytarsus Cladotanytarsus mancus-type1 Brooks et al. (2007)





Brooks et al. (2007)
Brooks et al. (2007)
Cricotopus sylvestris gr. Cricotopus sylvestris-type Brooks et al. (2007)
Cryptochironomus Cryptochironomus Brooks et al. (2007)
Dicrotendipes nervosus Dicrotendipes nervosus-type Brooks et al. (2007)
Dicrotendipes notatus-type Brooks et al. (2007)
Endochironomus albipennis Endochironomus albipennis-type Brooks et al. (2007)
Endochironomus tendens-type Brooks et al. (2007)
Glyptotendipes paripes Glyptotendipes barbipes-type Brooks et al. (2007)
Glyptotendipes pallens agg. Glyptotendipes pallens-type Brooks et al. (2007)
Kiefferulus Wiederholm (1983)
Limnophyes Brooks et al. (2007)
Metriocnemus eurynotus-type Brooks et al. (2007)
Microtendipes chloris
Microtendipes chloris gr.
Microtendipes pedellus-type Brooks et al. (2007)
Microtendipes rydalensis-type Brooks et al. (2007)
Nanocladius bicolor agg. Nanocladius rectinervis Brooks et al. (2007)
Parachironomus arcuatus
Parachironomus arcuatus gr.
Parachironomus varus Brooks et al. (2007)
Paramerina Rieradevall and Brooks (2001)
Phaenopsectra Phaenopsectra type A
Phaenopsectra flavipes-type
Brooks et al. (2007)
Brooks et al. (2007)
Polypedilum nubeculosum Polypedilum nubeculosum-type Brooks et al. (2007)
Polypedilum sordens Polypedilum sordens-type Brooks et al. (2007)
Procladius (Holotanypus) Procladius Rieradevall and Brooks (2001)











Tanytarsus mendax-type Brooks et al. (2007)
Tanytarsus pallidicornis-type Brooks et al. (2007)
Tribelos intextum Tribelos Brooks et al. (2007)
Xenochironomus xenolabis Brooks et al. (2007)
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Table 3 Non-chironomid taxa
found in the living and subfossil
assemblages of Lake De Waay,
with references for identification
of subfossil remains
Taxa found in the living assemblages
are aligned with their equivalent fossil
taxon. Taxa that only occur in either
living or subfossil assemblages are
printed in bold. Taxon names for
groups not found in subfossil
assemblages are given in parentheses
Living assemblages Subfossil assemblages Reference subfossil ID
Arrenurus crassicaudatus
Arrenus latus
Hydrodoma despiciens sensu lato
Hygrobates lonipalpis
















Ceratopogonidae Ceratopogonidae Brooks et al. (2007)




Wood and Okamura (2005)
(Daphniidae) Ceriodaphnia
Daphnia
Vanderkerkhove et al. (2004)
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Results
Occurrence of taxa in Lake De Waay
A total of 101 invertebrate taxa were identified in Lake De
Waay, 84 taxa in the living assemblages and 45 taxa in the
subfossil assemblages (Tables 2, 3). A number of inverte-
brate taxa was exclusively encountered in the living
assemblages (24 taxa) or in the subfossil assemblages (18
taxa). The number of chironomid taxa found in the living
assemblages (35 taxa) and in the subfossil assemblages (34
taxa) was similar. In Table 2, we compare corresponding
chironomid taxa in living and subfossil assemblages. Of the
total 44 chironomid taxa found in Lake De Waay, 30 taxa
occurred both as living and subfossil specimens. On aver-
age, these 30 taxa represented 94% (SD = 7.1%) of the
specimens encountered in a sediment sample.
Five rare chironomid taxa, occurring once in the living
assemblages, were not found as subfossils (Apsectrotany-
pus trifascipennis, Stictochironomus, Tanypus kraatzi,
Tanypus vilipennis, and Tanytarsus eminulus gr.). Eight
rare chironomid taxa, occurring once or twice in the sub-
fossil assemblages, were not found as living organisms
(Cladopelma laterialis-type, Dicrotendipes notatus-type,
Kiefferulus, Metriocnemus eurynotus-type, Microtendipes
rydalensis-type, Paramerina, Psectrocladius sordidellus-
type, Tanytarsus pallidicornis-type, and Xenochironomus
xenolabis). Also, four common chironomid taxa in
subfossil assemblages (Corynoneura edwardsi-type, En-
dochironomus tendens-type, Limnophyes, and Tanytarsus
pallidicornis-type) were not found as living organisms.
Living invertebrates were only sampled in the sediment
and no epiphytic or planktonic samples were taken.
Therefore, we did not include any Daphniidae or Bryozoa
in the live assemblages, although their resting stages were
encountered in subfossil assemblages. Taxonomic resolu-
tion of non-chironomid invertebrate remains was much
coarser than that of chironomid head capsules and several
invertebrate taxa found in living assemblages (Coleoptera,
Heteroptera, Malacostraca, and Odonata) were not recog-
nized in subfossil assemblages.
Distribution of taxa along a depth transect and DCA
The highest concentrations of living invertebrates (2,963
individuals m-2) were found in the sample at 0.8 m water
depth, and abundances decreased with depth (Figs. 3, 5). The
only taxa found in the deepest part were larvae of Chirono-
mus annularius at 8 and 10 m water depth, Ceratopogonidae
at 10 and 12 m water depth, and Chaoborus flavicans larvae
that were present at high absolute abundances (ca. 350–1,600
larvae m-2) in samples taken at 8 m water depth and below.
Subfossil assemblages were similar in samples from differ-
ent water depth (Figs. 4, 5) and the highest concentrations of
subfossil invertebrate remains were found at 4.5 m water
depth (95 remains g-1 dry sediment).
These patterns are apparent in the DCA, which was run
using the harmonized invertebrate taxonomy (Fig. 6). The
first and second DCA axes accounted for 30.6 and 9.5% of
the variance within the faunal data, respectively. The sam-
ples of living assemblages showed a range of 4.3 and 1.4
standard deviation units along Axis 1 and 2, respectively,
and the samples of subfossil assemblages showed a range of
0.4 and 0.3, respectively. In general, the nine samples of
living assemblages were arranged along axis 1 according to
water depth, the deepest sample at 15 m being most different
Fig. 3 Relative abundances of living chironomid larvae in Lake De
Waay at different water depths. All taxa are plotted, and low
abundances (\1%) are indicated by black dots. Maximum values of
the x-axes are 10% unless labeled otherwise. The values are averages
of three sampling campaigns (13 September 2007, 22 April 2008 and
17 February 2009)
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from the shoreline sample at 0 m. The eight samples with
subfossil assemblages on the other hand were remarkably
similar in the ordination plot and no clear depth-related
pattern was observed in the invertebrate assemblages of
these samples. The DCA sample scores indicated that the
difference between living and subfossil assemblages became
larger with increasing water depth as the subfossil assem-
blages were most similar to the living assemblages collected
in the littoral zone between 0.8 and 3.2 m water depth.
Chaoborus flavicans was characterized by the lowest
DCA axis 1 scores followed by Ceratopogonidae, Chir-
onomus anthracinus-type, and Chironomus spp. (Fig. 6)
and these taxa plotted relatively close to samples taken at
8 m water depth and below. Most taxa of Chironomidae,
Coleoptera, Oribatida, Ephemeroptera, and the remains of
Daphniidae and Plumatella were characterized by higher
DCA axis 1 scores and plotted close to the sample of the
living assemblage at 0–3.2 m water depth in the DCA plot.
Other invertebrate groups, including Heteroptera, Limo-
niidae, Malacostraca, Odonata, Trichoptera, and the
remains of Cristatella mucedo and Lophopus crystallinus
plotted close to samples of living assemblages from the
shallowest samples (0–1.7 m) in the DCA plot.
Discussion
Occurrence of taxa in Lake De Waay
Overall, the taxonomic composition of the living and
subfossil invertebrate assemblages in Lake De Waay was
similar, at least for chironomids that could be identified at a
comparable taxonomic level in living and subfossil
assemblages. However, a number differences existed
between living and subfossil assemblages because some
taxa were exclusively encountered as living animals or as
subfossil remains. There are a number of potential reasons
for these differences that we will discuss here.
Remains that are thin and easily damaged or broken may
cause an underrepresentation compared with living inver-
tebrates. For example, Walker et al. (1984) suggested that
Procladius may be poorly preserved in some lake sedi-
ments. However, in our study, remains of Procladius are
common in both living and subfossil assemblages (Fig. 7)
and other tanypodine chironomid taxa that produce thin
remains are either present in both living and subfossil
assemblages (Ablabesmyia), or have only a single occur-
rence in the living assemblages (Apsectrotanypus).
Taxa occurring in low numbers in Lake de Waay, such
as Coleoptera, and the chironomid tribes Orthocladiinae
and Tanypodinae, may have been missed due to limited
sampling. For example, of the six taxa of Tanypodinae
found as living larvae only three (Ablabesmyia, Parame-
rina, and Procladius) were represented as subfossils.
Conversely, of the eight taxa of Orthocladiinae found as
subfossils, only Nanocladius and three taxa in the genus
Cricotopus were found as living larvae (Table 2). How-
ever, the number of living invertebrates found at each
sampling station was high (49–1,173, with the exception of
23 specimens at 4.5 m water depth), and the number of
identified chironomid head capsules (36–72) from subfossil
Fig. 4 Total number of chironomid head capsules per gram sediment and relative abundance of all identified subfossil remains in the sediments
of Lake De Waay at different water depths. Maximum values of x-axes are 10% unless labeled otherwise
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samples should provide representative counts and include
the most dominant chironomid taxa (Heiri and Lotter 2001;
Quinlan and Smol 2001b).
Several genera that were encountered only in subfossil
assemblages such as Corynoneura, Dicrotendipes, Endo-
chironomus, and Metriocnemus are often associated with
macrophytes (Pinder and Reiss 1983; Brodin 1986;
Brodersen et al. 2001; Merritt et al. 2008; Moller Pillot
2009). Other groups, such as Bryozoa, are associated
with woody substrates or aquatic macrophytes (Wood
and Okamura 2005) and Xenochironomus xenolabis is
known to be a parasite on Spongillidae (Pinder and Reiss
1983; Moog 2002). More extensive sampling for living
invertebrates on specific substrates could have added
some of these taxa to the living assemblages. Similarly,
certain taxa may not have been sampled because sam-
pling of living invertebrates took place on only three
dates. The timing of these sampling days allowed us to
collect specimens at different moments in the seasonal
cycle, but ideally, the living assemblages should have
been sampled more often to obtain a more complete
overview.
Fig. 5 Comparison between
concentrations of all living
invertebrates and their remains
identified in Lake De Waay at
different water depths. The
values for living larvae are
averages of three sampling
campaigns on 13 September
2007, 22 April 2008, 17
February 2009
a bFig. 6 DCA plot based on
living and subfossil
assemblages from different
water depths in Lake De Waay.
a Samples of living assemblages
(open circles) and subfossil
assemblages (grey circles) with
their respective depth indicated.
b Invertebrate taxa occurring in
both living and subfossil
assemblages
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A reason for the absence of some invertebrate groups
(Coleoptera, Heteroptera, Malacostraca, Odonata) in the
subfossil assemblages might be the lack of keys for
the identification of characteristic remains. This is also the
reason for the loss of taxonomic detail for Ephemeroptera,
Oribatida, and Trichoptera. However, detailed keys are
available for chironomid remains and in this group similar
taxa are encountered in living and subfossil assemblages,
although the taxonomic detail was greater in living
assemblages (Table 2). The majority of chironomid taxa
occurred in both living and subfossil assemblages. In living
assemblages, only five rare taxa were found of which no
remains were encountered. However, eight rare and four
common chironomid taxa in the subfossil assemblage were
not found in the living assemblage. This suggests that in
Lake De Waay the palaeolimnological approach provided a
more complete overview of chironomid taxa than the
sampling of living larvae during three seasons.
Distribution of taxa along depth transect
The only taxa found in living assemblages in the deepest
part of the lake were larvae of Ceratopogonidae, Chiron-
omus annularius, and Chaoborus flavicans (Figs. 3, 5). The
latter two of these taxa are exceptionally well adapted for
surviving at low oxygen levels in the hypolimnion (Hof-
mann 1986; Jager and Walz 2002; Luoto and Nevalainen
2009). Oxygen availability is one of the key factors for the
distribution of invertebrates in stratified lakes (Pinder
1995; Jager and Walz 2002). In Lake De Waay, oxygen
levels decrease with depth (Fig. 2) and during summer
stratification the profundal is anoxic. Therefore, changes in
the invertebrate community with water depth, indicated by
the position of samples along DCA axis 1 (Fig. 6), are
likely to be related to oxygen availability. The living
assemblages in shallow water samples (B3.2 m water
depth) are distinctly different from the living assemblages
in deep water samples (C8 m water depth), and it is
interesting to note the sample at 4.5 m water depth, located
approximately at the thermocline, fell in between. These
findings are in line with several studies that have indicated
the potential to use subfossil chironomid assemblages to
infer hypolimnetic oxygen levels (Quinlan and Smol
2001a; Brodersen and Quinlan 2006).
Water temperature may also have affected the in-lake
distribution of invertebrates. In dimictic lakes, such as
Lake De Waay, water temperatures show large annual
variations in the littoral and sublittoral of the lake basin,
whereas the deeper section of the basin will remain cool
during the summer months (in De Waay typically not
Fig. 7 Comparison between
densities of six chironomid taxa
and their remains in Lake De
Waay at different water depths.
The values for living larvae are
averages of three sampling
campaigns on 13 September
2007, 22 April 2008, 17
February 2009
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exceeding 8C). A number of invertebrate taxa are known
to be restricted to low temperatures during their larval
development and their larvae are limited to the cool
hypolimnion during the summer months, whereas other
taxa are dependent on warmer temperature to complete
their development (Brinkhurst 1974; Pinder 1995; de
Mendoza and Catalan 2010).
Substrate composition also has a strong influence on
chironomid distribution (Pinder 1986; de Mendoza and
Catalan 2010) and changed within Lake De Waay from the
shore towards the lake centre. In the deepest section of the
lake, the only substrate available for benthic invertebrates
consists of soft organic mud. In shallower sections of the
lake, particle size of the sediments becomes coarser and
habitats are supplemented by macrophytes, leaf litter, and
dead wood. Several authors observed that locations with
macrophytes generally have a greater complexity of habi-
tats available for aquatic invertebrates as well as more
diverse subfossil assemblages than macrophyte-free areas
(Pinder 1995; Eggermont et al. 2007, 2008; de Mendoza
and Catalan 2010). Macrophytes are an important food
source and provide habitats for many taxa, and may also
provide shelter or escape from predation (Merritt et al.
2008). Eggermont et al. (2008) investigated a depth tran-
sect in Lake Tanganyika, East Africa, and observed the
highest densities of living chironomid larvae at 3-5 m
depth at locations with macrophytes. Rumes (2010) col-
lected both living invertebrates and their remains in 61
African crater lakes and observed that a significant part of
the variation in living and subfossil assemblages was
explained by the diversity of macrophytes. Several groups
of aquatic insects and Plumatella were found clinging to or
living between submerged or emerging macrophytes
(Rumes 2010). Although we did not extensively sample
macrophytes for living invertebrates, we did observe high
invertebrate diversity and abundances in the sediment
samples from the macrophyte zone (0–1.7 m) in Lake De
Waay.
Taphonomy of invertebrate remains
The distribution of subfossil assemblages along the sam-
pling transect in Lake De Waay was distinctly different
from the distribution of the living invertebrates from which
the remains originate. For the majority of taxa, the sub-
fossil remains had a remarkably homogeneous distribution
compared to living assemblages. This is demonstrated in
the DCA plot, in which samples of living assemblages are
distributed according to water depth along axis 1 (Fig. 6),
whereas samples of subfossil assemblages plot together.
The subfossil assemblages in Lake De Waay are most
similar to the living invertebrate community in the littoral
zone, between 0.8 and 3.2 m water depth. Similar results
were found by Brodersen and Lindegaard (1999) who
observed that the subfossil assemblages sampled in the lake
centre reflected the chironomid communities in the littoral
at a depth of 2–7 m in four Danish lakes.
The discrepancy between living and subfossil assem-
blages (Figs. 5, 7) could be partly explained by the limited
temporal and spatial sampling of living invertebrates as
indicated above. However, this cannot explain the high
number of subfossil remains of littoral taxa in the pro-
fundal of Lake De Waay, which can be explained (at least
in part) by transportation of subfossils (Frey 1988). Phys-
ical lake characteristics such as lake surface area, volume,
morphometry, and sediment type determine the influence
of in-lake currents and, hence, can have a large influence
on the amount of transport of chitinous remains that occurs
(Hilton 1985; Frey 1988). Redistribution of littoral remains
off-shore depends strongly on basin morphometry (Frey
1988; Eggermont et al. 2007). In our dataset, we have only
found evidence for off-shore displacement of remains from
the location at which the corresponding living organisms
were found, and never in a shoreward direction. For
example, living larvae of Dicrotendipes nervosus-type,
Endochironomus albipennis-type, Ephemeroptera, and
Oribatida were found only in samples from B4.5 m water
depth. However, their remains were abundant in profundal
sediments (Figs. 5, 7). The steep basin morphology of
Lake De Waay may be an important factor in explaining
the transportation of invertebrate remains as sediment
focusing is more pronounced in basins with steep slopes
(Kansanen 1986).
Overall, this is in agreement with the results of previous
studies that found evidence for off-shore transport of
invertebrate remains. Evidence for transport of chironomid
remains to deeper sections of lakes was observed in shal-
low and continually mixing lakes (Iovino 1975; Hofmann
1986; Eggermont et al. 2007; Holmes et al. 2009) as well as
in deeper, stratifying lakes (Wiederholm 1979; Schma¨h
1993; Brodersen and Lindegaard 1999; Heiri 2004). In a
survey of African crater lakes, more invertebrate taxa were
recovered as subfossil remains from surface sediments than
by collecting living invertebrates (Rumes et al. 2005;
Rumes 2010), which may also be the result of the limited
spatial and temporal sampling of living invertebrates. It is
unlikely, however, that transport of remains can cause a
complete integration of littoral and profundal communities
(Frey 1988; Heiri 2004). Moreover, transport of remains
does not play an important role in all lakes (Iovino 1975;
Walker et al. 1984; Kurek and Cwynar 2009b; Luoto
2010). The most detailed study previously available that
compared living and subfossil assemblages of chironomids
by Iovino (1975) demonstrated that communities and their
remains were qualitatively and quantitatively similar in a
number of lakes. In the lakes studied in his survey, the ratio
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between the mean number of larvae m-2 and the number of
remains per 100 ml surficial sediment was approximately
0.1, although higher ratios were also observed. However, in
lakes that are prone to wind-driven currents, Iovino (1975)
observed transportation of subfossil remains from typical
littoral taxa to the sublittoral and from sublittoral taxa to
the profundal. The importance of wind for transport of
remains is also recognized by others (Schma¨h 1993;
Eggermont et al. 2007; Holmes et al. 2009). Similarly,
currents by inflowing streams can transport lotic and lit-
toral remains into deeper parts of the basin (Heiri 2004;
Bigler et al. 2006; Heiri and Lotter 2007; Luoto 2010).
The highest concentrations of living invertebrates in
Lake De Waay were observed at 0–3.2 m water depth,
whereas the highest concentrations of subfossil remains
were observed at 4.5 m water depth in the sublittoral. This
pattern may be explained by different sedimentation rates
within the basin and, possibly, by the location of the
thermocline around 5 m water depth in Lake De Waay.
Iovino (1975) observed a similar pattern that was most
clear in transects influenced by wind-generated currents.
Wind and wave action will be weaker below the thermo-
cline and a relatively large number of subfossil remains
could be expected to be redeposited at the thermocline.
Schma¨h (1993) also observed a peak in concentrations of
chironomid subfossils in the sublittoral zone of Lake
Constance. This peak occurred at a depth of approximately
4–11 m. It is unclear, however, whether this coincided with
the depth of the thermocline during stratification or with
the depth at which the slope of the lake bottom became
steeper. There was no indication of a thermocline effect on
the concentrations of chironomid remains studied by Heiri
(2004). Highest subfossil concentrations were found in the
profundal of four of the five relatively shallow Norwegian
lakes that he studied. Only one dystrophic lake with low
oxygen conditions in the hypolimnion had highest con-
centrations at the thermocline depth in the sublittoral, but
this was likely due to limited production of chironomid
remains in the profundal. Kurek and Cwynar (2009b)
sampled chironomid remains at different water depths in
three lakes in western Alaska that have a comparable
bathymetry to Lake De Waay. Only in one of these three
lakes did they observe a significant change in the compo-
sition of chironomid assemblages at the depth of the
thermocline.
Conclusions
The overall taxonomic composition of living and subfossil
invertebrate assemblages in Lake De Waay was similar, at
least for chironomids that could be identified at a compa-
rable taxonomic level in living and subfossil assemblages.
A total of 44 chironomid taxa were found in Lake De
Waay, of which 30 taxa occurred in both living and sub-
fossil assemblages. These 30 taxa included, on average,
94% of the specimens in the studied samples. This dem-
onstrates that biomonitoring approaches based on benthic
samples containing living chironomids and palaeolimno-
logical approaches examining subfossil chironomid
remains in lake surface sediments will give comparable
assemblage compositions. In contrast to samples of living
assemblages, surface sediments analyzed for invertebrate
remains also represent the invertebrate fauna occurring in
the lake over a period of seasons to years and in a range of
(micro)habitats. However, systematic identification keys
for subfossil remains of several non-chironomid groups are
still urgently required to allow identification of subfossil
assemblages at a comparable taxonomic level for all
invertebrate groups.
We observed a distinct difference in distribution
between living invertebrate larvae and subfossil remains
within the basin of Lake De Waay. Living invertebrates
were mostly constrained to the littoral and sublittoral zone
with the exception of a few taxa (Chaoborus flavicans and
Chironomus) that are adapted to low oxygen conditions in
the profundal of this eutrophic lake. Our results suggest
that remains are transported and redeposited off-shore in
Lake De Waay due to its steep bathymetry. A single sed-
iment sample obtained from the centre of this lake
contained subfossil invertebrate remains originating from
the entire lake basin. In contrast to Luoto (2010), our
results support previous observations indicating that, in
palaeolimnological studies, one profundal core can provide
an integrated assessment of benthic invertebrate remains
originating from the entire lake basin, especially in rela-
tively small lakes with a steep bathymetry. Examining both
living and subfossil assemblages will provide more com-
plete and detailed information about the invertebrate
community in a lake ecosystem than examination of only
one of these assemblages.
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